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(ABSTRACT)

Bisphenol-A based poly(arylene ether)ketones (PAEKs) are tough, amorphous processable
thermoplastics possessing a glass transition temperature of approximately 160 °C. In the form
of a thermoset, these polymers have potential usages as structural engineering matrix resins
or adhesives, as well as modifiers for existing engineering polymers. Thermosets of PAEKs
can be prepared through the incorporation of amine, maleimide, or nadimide groups onto the
ends of the polymer chains followed by the curing of the materials at elavated temperatures.
Plates for mechanical testing, 1/8 inch in thickness or greater, were prepared by first
degassing the polymeric powder under vacuum at temperatures 10-50 °C above the Tg of the
respective oligomer for short periods of time, followed by compression molding of the result-
ing material. The networks exhibited high fracture toughness values, as determined by 3 point
bend measurements, Tg’s around 160 °C as well as a stable rubbery modulus to above 350
°C, as determined by dynamic mechanical measurements. Toughness of these networks in-
creased dramaticly with increasing Mc up to the chain entanglement molecular weight. Tg and
rubbery modulus were only slightly altered by Mc. The swelling of these networks in
chloroform reveals a two stage increase in solvent absorption. The two stages are believed
to be related to the viscoelastic extension of the chains followed by subsequent
disentanglement of dangling ends allowing further extension. The toughness behavior of
thermoplastic PAEK oligomers versus molecular weight was found to parallel the oligomer’s
melt viscosity behavior. As a modifier, PAEK cocured with bismaleimide produces network
substantially tougher than the unmodified bismaleimide network. Control experiments with

non-reactive PAEK oligomers demonstrated the necessity to functionalize the oligomers to



produce the toughening effect. Cocured systems were found to possess a homogeneous
morphology while physically blended systems phase separated. Swelling occurred in a single
stage, possibly due to the high concentration of functional groups which eliminated dangling
ends from the network. These networks possess a Tg at 160 °C, associated with the relaxation
of PAEK, and stable rubber modulus of above 350 °C whose absolute value was a function of

the BMI/PAEK ratio.
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Chapter 1 Introduction

The use of high performance engineering thermoplastics and thermosets in such appli-
cations as structural composites and electrical equipment has been increasing rapidly over
the past 10 years. One category of these materials which is of interest are poly(arylene
ether)ketones. Poly{(arylene ether)ketones, soid commercially, are semi-crystalline
thermoplastics possessing the advantages of toughness, rigidity and thermal stability as well
as solvent and creep resistance. They however have the disadvantages of having a meliting
point greater than 330 °C, making them hard to process, and only a moderately high glass
transition temperature {140 to 180 °C), which limits some of their applications as high tem-
perature materials.

The goals of this reasearch were to examine the physical and mechanical properties of
two amorphous poly(arylene ether)ketones, polyetherketoneethers, PEKE, and
polyetherketoneketoneether, PEKKE, thermosets, cured from fuctionally terminated oligomers,
and their analogous thermoplastics. These systems would possess the advantages over the
commercial polymers of; ease of processing, due to their amorphous morphology, and higher
Tg due to their crosslinked topology. This work also included the thermal and mechanical
characterization of bismaleimides modified with maleimide terminated PEKE oligomers. PEKE

modified bismaleimides offered the possibility of combining the high rigidity, ease of proc-
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essing and high glass transition temperature of the bismaleimides with the toughness of
PEKE.

The work required with both research goals included synthesis and chemical charac-
terization of functionalized PEKE and PEKKE oligomers, molding, curing and fabrication of the
resulting oligomers into test specimen, and finally physical and mechanical characterization
of the resulting thermosets and thermoplastics. A special emphasis was placed on the anal-
ysis and understanding of the toughening mechanisms involved in these systems. A chapter
is included presenting a systematic examination of the possible molecular scale motions and
interactions which might possibly affect fracture toughness.

The literature review presented below discusses some of the basics of mechanics of
materials as well as some of the theories behind mechanical behavior of polymers. This is
included to act as a foundation for arguments used in the results and discussion chapters.

Poly(arylene ether)ketones and bismaleimides are also reviewed.

Chapter 1 Introduction 2



Chapter 2 Mechanics

This section will review the principles of mechanics and fracture mechanics so as to
define the terms and concepts which will be used in later discussions. This is not meant as
an all inclusive presentation of these materials, but rather an overview. The interested reader

should refer to one or more of these texts [1,2,3,4] for a more indepth study of these subjects.

2.1 Mechanics of Materials

The science of mechanics deals with the reaction of a body to an applied force. A force,
when applied to a body which is free to float in space, induces an acceleration inversely pro-

portional to the body’s mass,
FORCE = MASS x ACCELERATION [2.1]

A force which is applied to a fixed body must be counterbalanced by an equal but opposite
force for that body to remain stationary. The sum of the forces is therefore equal to zero.

However, these forces do cause the body to undergo deformation and, possibly, fracture. The
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science of mechanics of materials predicts the magnitude of deformation and the force at

failure of materials under load.

2.1.1 Stress and Strain

Two concepts exist which are the foundation for all of mechanics of materials, stress and
strain. When a load is placed on a body, it acts only over a given area of that body. Stress
is defined as the magnitude of the applied load per unit area of the affected surface,

FORCE [2.2]

STRESS = AREA

Strain is defined as the magnitude of elongation or distortion of the body caused by the load.
Both stress and strain can be broken down into components acting normal and tangential to
the body’s surface (Figure 1). These components are referred to as normal and shear stress

and strain.

2.1.1.1 Normal Stress and Strain

Normal stress, o;, acts perpendicular to the surface causing either an elongation (posi-
tive stress) or a compression (negative stress) of the body along the direction of the normal
stress. The axis along which the stress is applied is denoted by the subscripti. The normal
strain is equali to the change in length of the body along the normal axis divided by its original

length,

g =L [2.3]

2.1.1.2 Shear

Shear stress, denoted by 1, acts parallel to the surface causing a distortion of the body
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Figure 1. Normal and shear stress components of an applied load
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by shifting the cross-sections which lie parallel to the surface, relative to one another (Figure
2). The subscripts i and j denote the axis normal to the plane of the stress and the axis par-
allel to the stress, respectively. Strain due to shear, denoted by y; is not measured as a

change in length, but rather it is defined as the angle of distortion.

2.1.1.3 Poisson’s Ratio

A normal tensile and compressive stress not only can induce deformation along its own
axis, but also along the two transverse coordinate directions perpendicular to the stress axes.
The magnitudes of strain along the two perpendicular axes are proportional to and opposite
in sign to the strain in the stress direction. For example, if a tensile stress lies along the x
axis, then a negative strain will occur along the y and z axis (Figure 3). The proportionality
constant which relates the magnitude of the strains is referred to as Poisson’s ratio, u;, a

material property,
&= — pje [2.4]

where i denotes the direction of the axial strain and j denotes the direction of the resultant

transverse strain.

2.1.2 Stress versus Strain

A relationship between stress and strain for a given material is usually obtained by
subjecting a test specimen to a range of strains and then calculating the resulting stresses
from the measured loads. The result can vary for a given material depending on the mode
of loading which is applied. For example, concrete exhibits a stress at fracture which is nearly

15 times greater under a compressive load than under a tensile load.

Chapter 2 Mechanics 6



Tyx

——_—.—.——»

Txy
Txy

Tyx

Figure 2. Effect of shear stress

Chapter 2 Mechanics



AFTER LOAD

M e

| B

| |

| |

| | BEFORE LOAD
| [ e
| |

| |

| |

| |

[ |

[ |

[ |

| |

L |

Figure 3. Induced strain transverse to an applied normal load
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2.1.2.1 Tensile Testing

Tensile tests are usually considered the quickest and experimentally most feasible
method to obtain a one dimensional stress-strain relationship. Therefore, they are typically the
method used to compare the mechanical responses for different materials. The specimen
which is used for tensile testing is shaped as either a flat dogbone or a tapered cylinder. It
is clamped at each end to the crossheads of a mechanical testing machine such as an Instron.
The crossheads are displaced in opposite directions at a constant displacement rate with the
applied tensile force measured by a load cell. The stress that is caused by this displacement
is calculated by dividing the applied load by the cross sectional area of the tapered region.
The cross sectional area, however, decreases during the test thereby creating two means of
reporting stress. Engineering stress is defined as the applied load divided by the original

cross sectional area while true stress is equal to the load divided by actual area.

2.1.2.2 Elastic Plastic Response

The tensile response of a theoretical elastic plastic material can be described through
the combined responses of a Hookean spring connected in series to two boards which are
prevented from sliding past one another due to friction (Figure 4). The Hookean spring re-
presents the inital response of the material which is referred to as elastic behavior (Figure 5).
Stress increases proportionally with strain with the slope of the line defined as the material’s

tensile or Young’s modulus, denoted by E,
o =Ee [2.5]

The modulus is a measure of the stiffness of the material and has the units of force per unit

area. Equation [2.5] applies for a linear elastic isotropic homogeneous material under one

dimensional loading.

The material alters its response when stress is increased to a critical level known as the

yield stress. Friction between the two boards is overcome, allowing them to slide past one
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